Exo-rhamnogalacturonan lyase from Penicillium chrysogenum 31B (PcRGLX) was recently classified as a member of polysaccharide lyase (PL) family 26 along with hypothetical proteins derived from various organisms. In this study, we determined the crystal structure of PcRGLX as the first structure of a member of this family. Based on the substrate-binding orientation and substrate specificity, PcRGLX is an exo-type PL that cleaves rhamnogalacturonan from the reducing end. Analysis of PcRGLX-complex structures with reaction products indicate that the active site possesses an L-shaped cleft that can accommodate galactosyl side chains, suggesting side-chain-bypassing activity in PcRGLX. Furthermore, we determined the residues critical for catalysis by analyzing the enzyme activities of inactive variants.
Pectin is a highly branched heteropolysaccharide that exists in primary cell walls and the middle lamellae of dicots. Pectin mainly consists of homogalacturonan regions comprising a-1,4-linked D-galacturonic acids (GalA) and rhamnogalacturonan-I (RG-I) regions that have repeating units of a-1,4-linked GalA and a-1,2-linked L-rhamnose (Rha) [1, 2] . Pectin structures vary depending upon the origin and growth stage of plants [3] . Among pectins, it is especially difficult to determine the detailed structures of RG-I regions because of the presence of neutral sugar side chains, such as branched arabinan and type I arabinogalactan, which are linked to the Rha residues of RG-I. We previously reported that Penicillium chrysogenum 31B, a strain capable of efficiently degrading pectin, produces two RG lyases (PcRGL4A and PcRGLX) that are available in the culture broth. PcRGL4A endolytically cleaves RG-I backbones via a trans-elimination reaction to produce RG oligosaccharides with 4-deoxy-4,5-unsaturated GalA (DGalA) at the nonreducing ends [4] . By contrast, PcRGLX produces unsaturated galacturonosyl Rha (DGR) from the terminal end of the RG-I backbone (Fig. 1) . Additionally, this enzyme bypasses the branching point of RG-I backbones to produce galactosyl, galactobiosyl, and galactotriosyl DGR [5] . This feature might be useful for the structural analysis of RG-I. PcRGLX represents the first eukaryotic exo-RG lyase, with previous variants only described in Bacillus subtilis [6] . Currently, endo-RG lyases are classified into two polysaccharide lyase (PL) Abbreviations 3D, three-dimensional; Gal, D-galactose; GalA, D-galacturonic acid; HPAEC, high-performance anion-exchange chromatography; KPB, potassium phosphate buffer; PL, polysaccharide lyase; RG-I, rhamnogalacturonan-I; Rha, L-rhamnose; RMSD, root-mean-square deviation; SAD, single-wavelength anomalous dispersion; SeMet-PcRGLX, PcRGLX tagged with selenomethionine; WT, wild-type; DGalA, 4-deoxy-4, 5-unsaturated GalA; DGR, unsaturated galacturonosyl Rha; DGR4, unsaturated RG tetrasaccharide; DGR-Gal, galactosyl DGR.
families, PL4 and PL11, based on their amino acid sequences in the CAZy database (http://www.cazy.org/ Polysaccharide-Lyases.html). The B. subtilis exo-RG lyase (YesX) also belongs to the PL11 family [6] . By contrast, the amino acid sequence of PcRGLX shows no similarity to those of other characterized proteins; therefore, the enzyme was recently classified into the new family PL26 along with other uncharacterized proteins that show similarities to PcRGLX. The crystal structure of PL26 has not been solved to date. Therefore, here, we present the crystal structures of PcRGLX and its complex structures with reaction products, including DGR and galactosyl DGR (DGRGal), representing the first three-dimensional (3D) structure of a PL26 protein. Additionally, we analyzed the structure of an inactive PcRGLX variant in complex with substrate-unsaturated RG tetrasaccharide (DGR4) to determine the amino acid residues critical for substrate recognition and the catalytic mechanism.
Materials and methods

Chemicals and reagents
HisTrap HP (5 mL), HiLoad 16/60 Superdex75 prep grade, and MonoQ HR 5/5 columns were obtained from GE Healthcare UK (Little Chalfont, UK). Bio-Gel P-2 was obtained from Bio-Rad Laboratories (Hercules, CA, USA). Potato RG-I and soybean RG were purchased from Megazyme International Ireland (Wicklow, Ireland). All other chemicals were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan) unless otherwise stated and were of certified reagent grade.
Preparation of oligosaccharides
Linear RG with debranched neutral sugar side chains was prepared from potato RG-I by sequential treatment with an acid and a b-galactosidase (PcBGAL35A), as described previously [7] . Sugar composition of linear RG was as follows: GalA (88%)/Rha (11%)/galactose (Gal) (1%). This polysaccharide was used for the preparation of various RG oligosaccharides shown in Table 1 . RG tetrasaccharide (RG4) possessing Rha at the nonreducing end and RG trisaccharide (GR3) and RG pentasaccharide (GR5) possessing GalA at their nonreducing ends were prepared according to a previous method [7] . The mixture of GR3 and GR5 was referred to as GR35. RG tetrasaccharide possessing GalA at the nonreducing end (GR4) was prepared as follows. Linear RG was treated with 4 M trifluoroacetic acid at 80°C for 4 h, followed by evaporation to remove trifluoroacetic acid. The hydrolysates were then dissolved in water and separated by high-performance anionexchange chromatography (HPAEC). Purified GR4 was applied to a Bio-Gel P-2 column to desalt, and DGR4 possessing DGalA at the nonreducing end was isolated from the hydrolysates of linear RG with an endo-RG lyase (PcRGL4A) [4] by HPAEC. These oligosaccharides were subsequently used for enzyme assays. To analyze the crystal structures of PcRGLX complexed with reaction products, DGR and DGR-Gal were isolated as follows. Soybean RG was incubated with PcRGL4A and PcRGLX, followed by boiling to inactivate the enzymes. The reaction products, including DGR and DGR-Gal, were separated by HPAEC and desalted using a Bio-Gel P-2 column.
HPAEC conditions
HPAEC was performed using a Dionex DXc-500 system (Dionex Corp., Sunnyvale, CA, USA) with a CarboPac PA-1 column (4 9 250 mm; Dionex). Sugars were eluted at a flow rate of 1 mLÁmin À1 with 0.09 M sodium acetate in 0.1 M NaOH for 5 min followed by a linear gradient from 0.09 M to 0.45 M sodium acetate in 0.1 M NaOH for 40 min. The effluent was monitored with pulsed amperometric detection. 
Left side represents the nonreducing end. Mixture of GR3 and GR5.
Expression and purification of recombinant enzymes
Pcrglx and its variant genes excluding the signal sequence were expressed using the pET22b (+) vector (Novagen, San Diego, CA, USA), and the recombinant fusion proteins were designed to possess a histidine tag at the C terminus. To obtain mature PcRGLX tagged with selenomethionine (SeMet-PcRGLX) for crystallization, overnight culture of Escherichia coli B834 (DE3) (Novagen) transformants containing the pET22b-pcrglx plasmid was inoculated into a minimal medium consisting of 0.1% NH 4 
Site-directed mutagenesis
Site-directed mutagenesis experiments were performed according to the protocol of the PrimeSTAR mutagenesis basal kit (Takara Bio, Shiga, Japan) and using the pET22b-pcrglx plasmid as the template and appropriate primers (Table S1 ).
Enzyme assay
The standard assay for exo-RG lyase activity was performed by measuring the increase in absorbance of the reaction mixture at 235 nm. The reaction mixture consisted of 150 lL of 0.25% unsaturated RG oligosaccharides, which are the hydrolysates obtained from soybean RG using endo-RG lyase (PcRGL4A), in 20 mM Tris/HCl buffer (pH 7.0) and 10 lL of enzyme sample, all of which were incubated at 37°C. The reaction was stopped by boiling the mixture for 5 min. One unit of enzyme activity was defined as the amount of enzyme that formed 1 lmol of DGalA in 1 min under these conditions. The molar extinction coefficient of DGalA at 235 nm is 4600 M À1 Ácm À1 [8] .
Crystallization conditions
All crystallization experiments were performed at 293K. 
X-ray data collection
X-ray diffraction data were collected with synchrotron radiation on beamlines BL26B1 and BL26B2 at SPring-8 (Harima, Japan) using MX-225HE and MX-225HS detectors (Rayonix, Evanston, IL, USA), respectively. Crystals were transferred directly from the mother liquor, and diffraction images were collected at 100 K under a cold nitrogen-gas stream. To determine the initial phase of SeMet-PcRGLX by single-wavelength anomalous dispersion (SAD) using selenium, the wavelength of X-ray radiation was set at 0.979 A. For the other crystals, X-ray diffraction data were collected using 1.0 A synchrotron radiation. Indexing, merging, and scaling of the collected diffraction data were performed using the HKL 2000 program [9] . Processing statistics are summarized in Table 2 .
Structure determination
The structure of SeMet-PcRGLX was solved by the SAD method, and the initial phase of the protein was determined using the AutoSol program in the Phenix program suite [10] . Model building was completed, and the structure was refined with Phenix.refine [11] and COOT [12] , respectively, using data at 2.85
A resolution. The other structures were determined by molecular replacement using the SeMetPcRGLX crystal structure as a search model with the molecular replacement program Molrep [13] and the refinement program Refmac5 [14] in the CCP4i program suite [15] . Structure figures were generated using PyMOL [16] . Table 2 shows the statistics associated with diffraction data collection and refinement. The atomic coordinates of SeMet-PcRGLX (PDB: 5XQ3), PcRGLX/DGR (5XQG), PcRGLX/DGR-Gal (5XQJ), and PcRGLX Y458F/DGR4 (5XQO) have been deposited in the Protein Data Bank.
Results and Discussion
Substrate specificity
Although PcRGLX exolytically degrades RG polysaccharides and oligosaccharides and releases DGR [5] , it remains unknown whether the enzyme acts on the reducing or nonreducing ends of the substrates. To elucidate the reaction mode, we analyzed the substrate specificity of the enzyme toward four different RG R merge = Σ | I À < I > | / Σ I, where I is the intensity of observation, and < I > is the mean intensity of the reflection.
b R = Σ ||F obs |À|F calc ||/Σ |F obs |, where F obs and F calc are the observed and calculated structure-factor amplitudes, respectively. c R free was calculated by using a randomly selected 5% of the dataset that was omitted through all stages of refinement.
oligosaccharides (RG4, GR35, GR4, and DGR4; Table 1 ), finding that PcRGLX released DGR from only GR4 and DGR4. Both oligosaccharides contain the same GalAa (1?2) Rha structure at their reducing ends, but the sugars at the nonreducing ends differ between GR4 and DGR4 (GalA and DGalA, respectively). By contrast, RG4 and GR35 possessing Rhaa (1?4) GalA at their reducing ends were not degraded by PcRGLX, even over longer reaction times (Fig. 2) . These results indicated that PcRGLX recognized the GalAa (1?2) Rha structure at the reducing ends of the substrates, cleaved the a-1,4-glycosidic linkage between Rha and GalA via a trans-elimination reaction, and released DGR.
3D structure of PcRGLX
To understand the unique properties of PcRGLX based on its structure, we determined the structure of SeMet-PcRGLX by X-ray crystallography. We successfully determined the 3D SeMet-PcRGLX structure by selenium SAD at 2.85 A resolution, and this represented the first structure of an RG lyase from the PL26 family. A summary of the crystallographic data collection and refinement statistics is provided in Table 2 . There were two SeMet-PcRGLX molecules in the asymmetric unit, with the two molecules oriented by a noncrystallographic twofold axis. This dimerization involves the swapping of the short a-helices between the two monomers (Fig. 3A) , with this association burying 9735.9 A 2 of exposed molecular surface from each subunit (calculated using the program PISA [17] in the CCP4i program suite [15] ) and representing 17% of the total solvent-accessible surface (57926.3 A 2 ). The molecular mass of PcRGLX was estimated at~200 kDa by gel-filtration chromatography (data not shown), indicating that the enzyme is active in the dimeric form, because the theoretical molecular mass calculated from the PcRGLX amino acid sequence is 100 585 Da. This result suggested that PcRGLX likely exists as a dimer in solution, and that the dimeric state observed in the crystal is physiologically relevant.
Each subunit comprises three domains: I (N23-S116), II (V131-D500), and III (P501-S927) (Fig. 3B) . Domain I displays a typical immunoglobulin-like fold with a b-sandwich involving two antiparallel b-sheets comprising three b-strands per sheet, with a disulfide bond between Cys24 and Cys113 in this domain. Domain II has five additional a-helices surrounding ) in 20 mM Tris/HCl (pH 7.0) and PcRGLX (5 mU) was incubated at 37°C for 16 h, followed by analysis of reaction products by HPAEC. GR, galacturonosyl Rha. the b-sandwich structure involving two antiparallel bsheets comprising 18 b-strands. Domain III displays an (a/a) 6 -barrel fold comprising six inner helices and six lateral helices oriented in an antiparallel manner. Additionally, we observed a serine-rich loop (S117-I130) located between domains I and II and a Ca 2+ -binding site in domain III (Fig. 3) . The amino acid residues that coordinate the Ca 2+ are Asp562, Asn585, His616, Asp621, and His639 (Fig. S1 ). To date, 3D structures of a PL4 endo-RG lyase from Aspergillus aculeatus [18] , PL11 endo-RG lyases from B. subtilis [19] and Bacillus licheniformis [20] , and a PL11 exo-RG lyase from B. subtilis [21] have been determined. The 3D structures of PL4 and PL11 members show three b-sandwich domains and an eightbladed b-propeller fold, respectively. Therefore, the PcRGLX structure differs considerably from those of previously reported RG lyases. Among PL family members, L-rhamnose-a-1,4-D-glucuronate lyase belonging to PL27 has a multidomain structure comprising two b-sandwich domains and a C-terminal (a/a) 6 -barrel domain [22] ; however, this enzyme displays 7% identity with PcRGLX and has a high root-meansquare deviation (RMSD) of 3.5
A and low Z-score of 9. Furthermore, we performed structural comparisons of PcRGLX against all structure-determined proteins using the Dali server (http://ekhidna.biocenter.he lsinki.fi/dali_server/start), with the closest match to PcRGLX being a GH38 a-mannosidase (PDB: 5KBP; 7% identity) (Table S2 ). However, this protein also displayed a high RMSD of 6.2 A and a low Z-score of 11.3, indicating that the structure of PcRGLX is quite unique.
Complex structures
All three ligands (DGR, DGR-Gal, and DGR4) used for the complexes were bound in the same position situated in the clefts formed by domains II and III (Fig. 3B) . The substrate-binding site of PcRGLX is not located near the subunit-interaction surface and the Ca 2+ -binding site. When each complex was overlaid with the wild-type (WT) structure, 900 Ca atoms of the DGR, DGR-Gal, and DGR4 complexes conformed to the WT structure, with RMSDs of 0.185 A, 0.183 A, and 0.219 A, respectively. These results indicated that PcRGLX exhibited relatively minimal conformational changes upon substrate binding.
A number of hydrogen bonds were observed between each ligand and PcRGLX (Fig. 4 and Table 3 ). The conformation of RG oligosaccharides complexed with the enzyme was similar to that of ligands in the crystal structure of the recently reported RG lyase (PDB: 5OLR) [23] . Among these, the O1 of a-L-Rha residues located at the reducing ends of the ligands formed hydrogen bonds with Asp460 positioned at the end of the cleft, indicating that PcRGLX releases a reaction product, DGR, from the reducing end of the substrate. This prediction based on the structural alignment was consistent with the results of substrate specificity experiments (Fig. 2) , indicating that PcRGLX releases DGR from the reducing termini of substrates and representing the first evidence of this mechanism in exo-RG lyases. Most exo-type glycoside hydrolases hydrolyze substrates from their nonreducing ends, whereas there are few reports on the modes of action of exo-PL enzymes. Exo-polygalacturonate lyase [24] , chondroitin-sulfate-ABC exolyase [25] , and hyaluronate lyase [26] are reported as exo-PLs that cleave substrates from reducing ends. The catalytic mechanism of hyaluronate lyase according to the 3D structure of the substrate-complex variant showed that the reducing end of the sugar moiety is oriented at the end of the cleft where catalysis occurs, with the direction of degradation from the reducing to the nonreducing end determined by unidirectional binding [26] .
The binding site of DGR-Gal showed that the galactosyl side chain was located in a cleft oriented in a different direction from that of the main chain (Fig. 4A,  B) . As noted, PcRGLX bypasses the branching point of RG-I backbones to produce DGR-Gal. The Lshaped cleft structure appears to illustrate this bypassing activity. b-1,4-Galactooligosaccharides and polysaccharides are linked to the RG-I backbone of pectins from some plant origins. Figure 5 shows the substrate-binding site superimposing the reducing end of b-1,4-galactopentaose, which was modeled using the Sweet2 program [27], on the Gal residue of DGR-Gal. The galactopentaose moiety was oriented in the cleft, with the Gal residue at the nonreducing end mostly exposed to the solvent. Although this cleft is compact, there appeared to be minimal steric hindrance between the galactopentaose moiety and PcRGLX. This model suggested that PcRGLX displays bypassing activity toward RG-I substituted with galactosyl oligomers. A previous study reported that PcRGLX releases galactotriosyl DGR from RG-I [5] . Moreover, the L-shaped cleft observed in PcRGLX was not found in YesX, which was reported as an exo-RG lyase [21] . 
Proposed catalytic mechanism
In general, PLs interact with uronic acids occupying the +1 subsite of enzymes and cleave polysaccharides via a b-elimination mechanism to produce unsaturated hexenuronic acids in the following three steps: (a) promotion of H5 elimination via neutralization of a carboxyl group in uronic acid; (b) abstraction of H5 by a basic catalytic residue, leading to an enolate intermediate; and (c) following formation of a C-4-C-5 double bond via electrostatic transition, protonation of O4 by an acidic catalytic residue [28] . To identify the residues involved in PcRGLX catalysis, point mutations were introduced at Tyr458, Asp460, Arg634, His635, Glu646, Arg648, and His782, which are positioned at a distance capable of hydrogen bonding with DGR, DGR-Gal, and DGR4 and possibly involved in the catalytic mechanism. Although Tyr458 was not observed to form hydrogen bonds with the ligands, it was selected due to its location at a distance that would allow interaction with GalA-O4 according to the superimposed model involving DGalA at the +1 subsite. Circular dichroism spectroscopy analysis demonstrated that the mutations, except for D460N and H635F, did not affect PcRGLX secondary structure (Fig. S2) , indicating that the enzyme mutants were properly folded into the same structure as the WT variant. The enzyme activities of the PcRGLX variants relative to WT are summarized in Table 4 . Mutations at Tyr458, Arg634, and Arg648 resulted in a 10 000-fold decrease in enzyme activities. The catalytic mechanism of PLs is mainly divided into two types depending upon metalion requirements [29] . In the case of enzyme activity requiring metal ions, divalent cations, such as Ca 2+ and Mn 2+ , are involved in neutralization of carboxyl groups, with Arg and Lys often acting as basic catalysts, while water molecules act as acidic catalysts. In PLs not requiring metal ions for catalysis, cleavage occurs via neutralization involving Asn, Gln, or protonated Asp and Glu residues, proton acceptance by Tyr and His, and protonation by Tyr. Most pectate lyases have a reaction mechanism requiring metal ions, whereas many other PLs rely on Tyr-/His-related mechanisms. However, other residues can also act as catalysts, including Arg residues conserved in pectin lyases belonging to the PL1 family, where these residues participate in neutralization of the carboxyl group [30] . In the case of PcRGLX, Arg634 forms hydrogen bonds with the carboxyl group of GalA located at the +1 subsite (Fig. 4C) . The enzyme activity of the mutant was substantially lower than that of WT (Table 4) , suggesting the involvement of this residue in the catalytic mechanism as a neutralizer of carboxyl groups. Mutation of Tyr458 (Y458A and Y458F) resulted in large decreases in enzyme activity (Table 4) . When Phe458 was replaced with Tyr in the Y458 structure in complex with DGR4, the Tyr formed a hydrogen bond with the O4 of GalA located at the +1 subsite, suggesting that Tyr458 functions as an acidic catalytic residue. By contrast, none of the residues were situated in proximity to or allowing interaction with the H5 of the +1 subsite of GalA; however, the O3 of Rha located at the +2 subsite was oriented to allow interaction with the H5 of GalA. Given that the O3 of Rha is situated within hydrogenbonding distance of Arg648 and based on the loss of enzyme activities in the Arg648 mutant, this residue , have optimal pH levels of~7, despite their use of Arg residues as catalysts, and attributable to localized pK a effects within the active site. To date, the structure of exo-RG lyase has been described only for B. subtilis (YesX) in the PL11 family and requiring Ca 2+ for enzyme activity [6] . Structural and enzymological analyses of YesX demonstrated that Asp401, Glu422, His363, and His399 were involved in coordination of the Ca 2+ , Tyr595 was involved in substrate binding, and Lys535 and Arg452 were involved in catalysis [19] . However, all residues involved in the catalytic mechanism have not been identified. In this study, we described for the first time the 3D structure of PcRGLX from the PL26 family. Our mutagenesis studies revealed a novel catalytic mechanism differing substantially from that described for YesX, with PcRGLX not requiring divalent cations to perform catalysis [5] representing the major difference between the two enzymes.
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Supporting information
Additional Supporting Information may be found online in the supporting information tab for this article: Fig. S1 . The Ca 2+ -binding site in PcRGLX WT. Ca 2+ is shown as an orange sphere, amino acid residues that coordinate the Ca 2+ ion are shown as blue sticks, and the interactions are shown as broken black dashes. Fig. S2 . Circular dichroism spectra of nonmutated and mutated PcRGLX. Measurements were performed with a far-UV range of 200-260 nm using a J-820 spectropolarimeter (Jasco, Tokyo, Japan) and with the temperature of the sample solution in the cuvette controlled at 37°C by a Peltier PTC-423 L thermo-unit (Jasco). The path length of the optical quartz cuvette was 1.0 mm, and the sample concentration for the far-UV range was 1 lM in 20 mM Tris/HCl buffer (pH 7.0). Data are expressed as the molar residue ellipticity [h]. To normalize equipment noise level, WT was measured in triplicate. Table S1 . Sequences of primers used for mutagenesis. Table S2 . Close structural matches to PcRGLX toward structure-determined enzymes deposited in PDB.
